The DNA barcode is a short fragment of the genomic DNA used for genome or species identification. [22] [23] [24] Utilization of these standard sequences, the DNA barcoding technique is a powerful and effective tool for the taxonomic identification of plants and animals. 25) Recently, this technique was applied in the authentication of medicinal herbs of TCM, and several candidate barcodes have been proposed. [26] [27] [28] [29] Our objective is to discriminate Radix Scutellariae and its adulterants by sequencing and analyzing the three candidate DNA barcodes from the chloroplast genome, the psbA-trnH intergenic spacer (psbA-trnH), the ribulose-1,4-bisphosphate carboxylase large subunit gene (rbcL), and the ribosomal RNA maturase gene (matK).
MATERIALS AND METHODS

Plant Materials
The plant samples used in this study were collected from the Gansu, Hebei, Henan, Heilongjiang, Inner Mongolia, Sichuan, and Yunnan Provinces in China (Table 1) . Silica gel-dried leaves from 3-5 individuals from each population were collected. Commercially available crude drugs of Radix Scutellariae and its adulterants were purchased at the market. The vouchers were identified by a specialist from the Kunming Institute of Botany, Chinese Academy of Sciences and were preserved in the herbarium of Yunnan University.
DNA Extraction, Polymerase Chain Reaction (PCR) Amplification, and Sequencing Genomic DNA was extracted from leaf samples following the modified cetyltrimethyl ammonium bromide protocol, 30) and from crude drug samples of Radix Scutellariae and its adulterants using the Takara Universal Genomic DNA Extraction Kit Ver.3.0 (Takara, Dalian, China) according to the manufacturer's protocol. The universal primer pairs (Table 2) were employed for the amplification of the rbcL, matK, trnL-F, and psbA-trnH regions of the cp DNA. The polymerase chain reaction (PCR) mixture, with a total volume of 25 ml, contained ca. 10 ng of genomic DNA, 2.5 ml 10ϫPCR buffer (Mg 2ϩ ), 0.5 mmol/l primers, 5 mmol/l dNTP mix, and 1 U Taq DNA Polymerase (Takara, China). The PCR was performed with a thermal cycler PTC200 (Bio-Rad, U.S.A.) as follows: initially at 93°C for 4 min, 35 cycles at 93°C for 1 min, annealed at 56°C (rbcL), 54°C (matK) or 53°C ( psbA-trnH) for 30 s, 72°C for 45 s (extension), and one final cycle at 72°C for 5 min.
The PCR products were purified by the PCR DNA recovery kit UNIQ-10 (Sangon, China). The cycle sequence reactions of the purified fragments were performed by using the BigDye TM Terminator Cycle Sequencing kit (Applied Biosystems, U.S.A.) in accordance with the manufacturer's instructions. The products were then run on a 3730XL genetic analyzer (Applied Biosystems, U.S.A.) at the Beijing Genomic Institute (China). The forward and reverse strands of all sequences were sequenced.
Data Analysis To verify whether these two candidate barcodes are competent for family or genus assignment in authenticating Radix Scutellariae, we downloaded the rbcL sequences of the order Lamiales (2-5 species per family) and matK sequences of the family Lamiaceae (2-5 species per tribe) from GenBank for analysis. Additionally, the psbA-trnH sequences of the family Lamiaceae (2 species per genus) were downloaded to test whether these sequences could be aligned among the different genera. These sequences were compared and compiled with the Sequencher 4.2 version (Gene Codes Corp., U.S.A.). The alignment was performed with the ClustalW multiple alignment tool of the BioEdit 7.0.4 software.
30) The inter-and intraspecific sequence divergences of S. baicalensis and its adulterants were calculated using the program MEGA 4.0 31) with Kimura-2-Parameter (K-2-P) model, and the Neighbor-Joining (NJ) tree was constructed based on the K-2-P distances.
RESULTS
Although the sequences of the three candidate DNA barcodes, rbcL, matK, and psbA-trnH of all silica gel-dried leaf samples were successfully amplified, only the psbA-trnH regions which possess the much shorter sequence length (320-355 bp) of the crude drug samples were generated and sequenced by using the universal primer pairs. The sequences were saved in the GenBank database. The alignments of these DNA sequences are available upon request from the authors. The lengths and accession numbers of each species are listed in Table 3 .
The DNA sequences of the rbcL regions among S. baicalensis and its adulterants were highly conservative. Except for S. amoena, the sequences of S. baicalensis, S. rehderiana, and S. viscidula were identical. Only four single nucleotide polymorphisms (SNPs) specific to S. amoena were detected at the aligned positions 286, 383, 384, and 632 (Table 4 ). The sequence divergences among S. baicalensis and its adulterants were remarkably low (0 to 0.47%), with the average interspecific distance of 0.02%. Together with other species from the order Lamiales, the NJ tree of rbcL DNA sequences correctly placed S. baicalensis and its adulterants with the family Lamiaceae and the genus Scutellaria with high statistical support (bootstraps of 99% and 98%, respectively), whereas S. baicalensis and its adulterants could not be distinguished from each other based on the sequence divergences ( Fig. 1) .
The DNA sequences of the matK of S. baicalensis and its adulterants, which varied from 820 to 829 bp in length, were much variable than the rbcL regions. The sequence variations among S. baicalensis and its adulterants ranged from 0.12 to 1.3%, with an average interspecific distance of 0.56%. However, the intraspecific variation among the samples collected from different localities was not detected. From this se- 
psbA-trnH
Lines indicate identical nucleotides. (Table 4) . Based on these SNPs, S. baicalensis and its adulterants can be discriminated. By combining these samples with other plants of the family Lamiaceae, the matK-based NJ tree (Fig. 2) could accurately identify S. baicalensis and its adulterants, as well as properly assign them into the genus Scutellaria.
The sequence variations of the psbA-trnH intergenic spacer among S. baicalensis and its adulterants varied from 1.46 to 6.16%, with an average interspecific distance of 3.08%. The intraspecific divergences among these samples, which varied from 0 to 0.31% with an average distance of 0.18%, were relatively lower than the interspecific divergence. A total of 21 SNPs were identified from the alignment of the representative sequences of S. baicalensis and its adulterants. Of these SNPs, 1 (position 306), 2 (positions 43, 241), 3 (positions 52, 183, 186), and 14 (positions 7, 17, 18,  183, 191, 239, 241, 251, 274, 275, 294, 298, 300, 304) specifically corresponded to S. baicalensis, S. viscidula, S. rehderiana, and S. amoena, respectively (Table 4) . Based on these specific SNPs, S. baicalensis and its adulterants could be easily identified. All the samples from different localities were grouped into four well-supported clades (with bootstrap percentage Ͼ85%), which correspond to the clusters of S. baicalensis, S. viscidula, S. rehderiana, and S. amoena (Fig.  3) . Due to the high number of indels, the sequence alignment of psbA-trnH of S. baicalensis and its adulterants with other species of the family Lamiaceae was problematic.
DISCUSSION
DNA Barcodes for the Species Identification of S. baicalensis and Adulterants
A desirable DNA barcode must simultaneously possess enough sequence variations for species identification and adequate conserved flanking sites for the designation of the universal primers.
32) The three candidate barcodes, namely, rbcL, matK, and psbA-trnH, of the leaf samples used in the study had been successfully amplified with the universal primer pairs. Hence, all these candi- Bootstrap analysis (1000 replicates) was conducted to estimate the statistical supports of the topology of the consensus tree. Bootstrap percentages are shown above (or under) branches. ᭡, Scutellaria baicalensis; ᭜, the adulterants. GenBank accession numbers are listed in parentheses behind the plant names. Fig. 3 . The NJ Tree Constructed from the psbA-trnH Intergenic Spacer Based on the K-2-P Distance Bootstrap analysis (1000 replicates) was conducted to estimate the statistical supports of the topology of the consensus tree. Bootstrap percentages are shown above (or under) branches. The localities of samples are shown in parentheses behind the plant names, and the abbreviations are same as in Table 1. date barcodes from the chloroplast genome satisfied one of the two criteria for standard barcodes. In addition, the interspecific divergences of the three candidate barcodes were much higher than the intraspecific variations, which also support the notion that these chloroplast regions could be used as potential barcodes for the species identification of S. baicalensis and its adulterants.
Due to their considerably higher sequence divergences, the matK and psbA-trnH regions can distinguish S. baicalensis from its adulterants (Table 4 ; Figs. 2, 3) ; comparing them with the rbcL regions, which were relatively conserved, can merely place these species in the correct family and genus (Fig. 1) . Hence, the chloroplast matK and psbA-trnH regions can be employed as unique barcodes for the authentication of the S. baicalensis and its adulterants. Multilocus DNA barcodes have been proposed to be much effective and accurate in the identification of plant species.
32) The two-or threelocus DNA barcodes of rbcLϩpsbA-trnH, rbcLϩmatK, and rbcLϩmatKϩpsbA-trnH regions from the chloroplast genome have been recommended. 24, 33, 34) Although it could not discriminate the S. baicalensis and its adulterants based on the sequence divergences of the rbcL region, similar to previous studies, 33, 35) the candidate DNA barcode can help place unidentified samples into the correct family or genus. Within the genus Scutellaria, the sequence alignment of the psbA-trnH region could be more feasible. Hence, by combining the candidate DNA barcodes with the rbcL and the psbA-trnH sequences, S. baicalensis and its adulterants can be accurately distinguished based on the sequence divergences. In addition, the success rates of amplifying the rbcL and the psbA-trnH regions with the universal primer pairs in higher plants were the highest among all candidate DNA barcodes. 23, 34) The combination of rbcL and psbA-trnH regions could be a great potential multilocus DNA barcodes not only for discrimination of S. baicalensis and its adulterants, but also for the authentication of other medicinal plant taxa.
DNA Barcode for Authenticating Commercial Radix Scutellariae DNA degradation within herbal materials is inevitable during the harvest, processing, and storage. 36) As the result of DNA degradation, it is difficult to extract qualified DNA from the crude drugs with some long time past from harvest and not well stored. Consequently, some large or medium size sequences, for instance, rbcL and matK are unlikely to be amplified. Accordingly, the DNA barcodes for the identification of plant species could not be applicable for the authentication of commercially prepared crude drugs. In the present study, except for the psbA-trnH region, the amplification of rbcL and matK from crude drug samples had been completely failed due to the severe DNA degradation. Hence, these two candidate DNA barcodes are not suitable for authenticating commercial Radix Scutellariae.
The psbA-trnH has been proven to be an effective and accurate DNA barcode for the species identification of medicinal plants. [26] [27] [28] The DNA region had been successfully amplified, and can correctly distinguish commercial Radix Scutellariae from its adulterants (Fig. 3) . The high number of indels within this DNA sequence, which probably makes the sequence alignment of the samples from the different genera or families problematic, is not an obstacle to the applicability of the candidate DNA barcode for correct identification of plant species by using the basic local alignment search tool (BLAST) from the GenBank. 23) Owing to its relatively short length (200-400 bp) in most flowering plants, the amplification of this region could be much easier without high quality DNA. In previous studies, the amplification of the psbA-trnH region is still highly successful using DNA extracted from either herbarium specimens or commercially prepared crude drugs. 23, 37) Hence, the chloroplast psbA-trnH region can be employed as an effective barcodes for the authentication of the crude drugs of Radix Scutellariae.
DNA extraction, PCR amplification, sequencing, and BLAST are the techniques needed to apply for the authentication of commercial Radix Scutellariae with DNA barcode, which all can be carried out in an ordinary laboratory by technicians trained for basic molecular biology. As compared to traditional microscopic method, 19, 20) the DNA barcoding technique developed here depends little on the availability of experts. Moreover, the reliability of this technique can not be influenced by environment that makes it much accurate and sensitive than chemical method. This DNA barcoding technique could be applied to the quality control of "Huang Qin"-based medicinal preparations and to the management of medicinal herb trade in the markets.
